Abstract: This paper proposes a wing root control mechanism inspired by the drag-based system of a dragonfly. The previous mechanisms for generating wing rotations have high controllability of the angle of attack, but the structures are either too complex or too simple, and the control of the angle of attack is insufficient. In order to overcome these disadvantages, a wing root control mechanism was designed to improve the control of the angle of attack by controlling the mean angle of attack in a passive rotation mechanism implemented in a simple structure. Links between the proposed mechanism and a spatial four-bar link-based flapping mechanism were optimized for the design, and a prototype was produced by a 3D printer. The kinematics and aerodynamics were measured using the prototype, a high-speed camera, and an F/T sensor. In the measured kinematics, the flapping amplitude was found to be similar to the design value, and the mean angle of attack increased by approximately 30 • at a wing root angle of 0 • . In the aerodynamic analysis, the drag-based system implemented using the wing root control mechanism reduced the amplitude of the force in the horizontal direction to approximately 0.15 N and 0.1 N in the downstroke and upstroke, respectively, compared with the lift-based system. In addition, at an inclined stroke angle, the force in the horizontal direction increased greatly when the wing root angle was 0 • at the inclined stroke angle, while the force in the vertical direction increased greatly at a wing root angle of 30 • . This means that the flight mode can be controlled by controlling the wing root angle. As a result, it is shown that the wing root control mechanism can be applied to the MAV (micro air vehicle) to stabilize hovering better than the MAV using a lift-based system and can control the flight mode without changing the posture.
Introduction
Small birds and insects are good objects to mimic for developing a micro air vehicle (MAV) for stable flight at low Reynolds fluid [1] [2] [3] [4] [5] [6] [7] . The RoboBee developed by researchers at Harvard [1] , the robot hummingbird of DARPA [2] , the beetle robot of Konkuk University [3] , and the tailless aerial robot inspired by the flies of Delft [7] are representative robots developed by mimicking the flight of small birds and insects. Among the insects mimicked, the dragonfly has the most stable hovering ability, the ability to switch flight modes without changing posture, and ability to fly backwards [8, 9] . In order to achieve this high maneuverability, the dragonfly uses characteristics such as the phase difference between the forewing and hind wing [8, [10] [11] [12] , independent control of each wing [13] , and a drag-based system in hovering flight [14, 15] .
Among these characteristics, we focus on the drag-based system. Most insects, except the dragonfly, use a lift-based system in which they stroke their wings in the horizontal direction of the body during hovering. On the other hand, dragonflies use a drag-based system in which they stroke
Flight Characteristics of Dragonflies

Kinematics of Dragonfly Flight
The kinematics [28, 29] and aerodynamics [14] [15] [16] 20, 30, 31] of dragonflies have been studied extensively in the past. Wang analyzed the stroke amplitude and wing angle of attack placed at 70% from the wing root in forward flight using an ultrahigh-speed camera [28] . In the same way, Azuma measured the stroke amplitude and angle of attack in hovering flight of the dragonfly [29] . However, the maximum and minimum stroke angle and mean angle of attack must be clearly defined in order to proceed with the aerodynamic experiment on the MAV. In this study, these parameters were defined as listed in Table 1 , and the coordinate system of the kinematics is shown in Figure 1 . The figure shows the flapping motion in the relative coordinate system x′y′z′ rotated by α with respect to the absolute coordinate system xyz, where α is the stroke angle, β is the stroke amplitude, and δ is the angle of attack. 
Aerodynamics of Dragonfly Flight
The systems used by organisms for swimming or flying are divided into drag-based systems and lift-based systems, depending on the type of force [14, 15] . The lift-based system uses lift force in the manner of most fish or flying insects. Lift forces are obtained through up-down strokes, whereas drag force is generated in the opposite direction with the each up-down stroke, and the net force generated for one cycle is close to zero, as shown in Figure 2a . The drag-based system is based on the drag force, used in rowing locomotion or jellyfish swimming. In order to generate enough drag force to fly or swim, dragonflies flap their wings, and with each down-stroke maintain a large angle of attack to increase the drag force. In contrast, the upstroke minimizes the drag force by flapping with a small angle of attack, as shown in Figure 2b . This method allows the creature to generate force in the direction of movement through the drag force. 
The systems used by organisms for swimming or flying are divided into drag-based systems and lift-based systems, depending on the type of force [14, 15] . The lift-based system uses lift force in the manner of most fish or flying insects. Lift forces are obtained through up-down strokes, whereas drag force is generated in the opposite direction with the each up-down stroke, and the net force generated for one cycle is close to zero, as shown in Figure 2a . The drag-based system is based on the drag force, used in rowing locomotion or jellyfish swimming. In order to generate enough drag force to fly or swim, dragonflies flap their wings, and with each down-stroke maintain a large angle of attack Appl. Sci. 2018, 8, 1868 4 of 18 to increase the drag force. In contrast, the upstroke minimizes the drag force by flapping with a small angle of attack, as shown in Figure 2b . This method allows the creature to generate force in the direction of movement through the drag force. Wang [14] mentioned that the drag-based system is more stable than the lift-based system in stationary flight, while the lift-based system has superior performance in forward flight. In addition, Vogel [15] experimentally proved that the drag-based system is more stable in stationary flight. Unlike most insects that use a lift-based system, dragonflies use both a drag-based system in hovering flight and lift-based system in forward flight. This system conversion is achieved by changing their angle of attack, which gives them more stable and superior flight abilities.
Dickinson experimentally defined lift and drag coefficients for when the thin wing moves in low Reynolds fluid as the following equations.
= 0.225 1.58sin (2. 13 7.20),
= 1.92 1.55sin (2.04 9.82).
where is the lift coefficient, is the drag coefficient, and α is the angle of attack. The equation shows that the drag coefficient is a function of the angle of attack. In the relationship between the angle of attack and drag force, in order to use the drag-based system at hovering, the dragonfly increases the drag force using a large angle of attack at the downstroke and minimizes the drag force using a small angle of attack at the upstroke. On the other hand, in forward flight, the dragonfly flies by generating lift force using the same angle of attack in the up-down stroke like other insects. Thus, the rapid conversion from a drag-based system to a lift-based system without changing the stroke angle is achieved by changing the mean angle of attack.
Development of a Wing Root Rotation Mechanism
Passive Wing Rotation Mechanism
In the flight of insects, wing rotation is an essential factor for a positive angle of attack at flapping. To generate the wing rotation passively, this study used a wing rotation mechanism using a loose wing membrane, as shown in Figure 3 [27] . The proposed wing rotation mechanism was fabricated with a wing membrane larger than the designed wing membrane to generate wing rotation, and this changes the angle of attack by rotating the wing root. This wing rotation made by the loose wing membrane not only generates more lift force by the camber wing structure in flight but also increases the efficiency while gliding [32] [33] [34] [35] .
(a) (b) Wang [14] mentioned that the drag-based system is more stable than the lift-based system in stationary flight, while the lift-based system has superior performance in forward flight. In addition, Vogel [15] experimentally proved that the drag-based system is more stable in stationary flight. Unlike most insects that use a lift-based system, dragonflies use both a drag-based system in hovering flight and lift-based system in forward flight. This system conversion is achieved by changing their angle of attack, which gives them more stable and superior flight abilities.
where C L is the lift coefficient, C D is the drag coefficient, and α is the angle of attack. The equation shows that the drag coefficient is a function of the angle of attack. In the relationship between the angle of attack and drag force, in order to use the drag-based system at hovering, the dragonfly increases the drag force using a large angle of attack at the downstroke and minimizes the drag force using a small angle of attack at the upstroke. On the other hand, in forward flight, the dragonfly flies by generating lift force using the same angle of attack in the up-down stroke like other insects. Thus, the rapid conversion from a drag-based system to a lift-based system without changing the stroke angle is achieved by changing the mean angle of attack.
Development of a Wing Root Rotation Mechanism
Passive Wing Rotation Mechanism
flapping. To generate the wing rotation passively, this study used a wing rotation mechanism using a loose wing membrane, as shown in Figure 3 [27] . The proposed wing rotation mechanism was fabricated with a wing membrane larger than the designed wing membrane to generate wing rotation, and this changes the angle of attack by rotating the wing root. This wing rotation made by the loose wing membrane not only generates more lift force by the camber wing structure in flight but also increases the efficiency while gliding [32] [33] [34] [35] . The frame of the wing is made of carbon rods to reduce the weight, and the wing membrane is made of 25 µm thick polypropylene film. For the passive rotation of the wing, a polyolefin tube attached at the leading edge and root of the wings reduce the friction at wing rotation. In addition, two 0.6 mm carbon rods attached to the wing membrane maintain the rigidity of the wing after rotation, as shown Figure 3a. 
Concept of Wing Root Rotation Mechanism
The purpose of this study is to develop a passive wing rotation mechanism that mimics the flight characteristics of dragonflies and can change the mean angle of attack by rotating the wing root. The mean angle of attack changes by wing root rotation with respect to the horizontal direction of the wing when the wing has the same angle of attack at each up-down stroke. Figure 4 shows the variation of the wing angle of attack range with this passive wing rotation mechanism. We developed the mechanism for changing the mean angle of attack based on a slide-crank link mechanism, where the crank is the wing root and rotates on the y"-axis.
To obtain a lift-based system with the same angle of attack at each up-down stroke, the wing root direction should be perpendicular to the stroke direction. However, the lift-based system of the wing root rotation mechanism has a singularity position problem when designed using a general slide-crank link mechanism. In order to solve this problem, we designed a slide-crank link mechanism with a three-bar link, as shown Figure 5 . The wing root of the crank link with the three-bar link is located below the general slide-crank link mechanism's wing root. Therefore, the crank link is located above the singularity position when the wing root direction is perpendicular to the stroke direction. As a result, the wing root can rotate without singularity. The frame of the wing is made of carbon rods to reduce the weight, and the wing membrane is made of 25 μm thick polypropylene film. For the passive rotation of the wing, a polyolefin tube attached at the leading edge and root of the wings reduce the friction at wing rotation. In addition, two 0.6 mm carbon rods attached to the wing membrane maintain the rigidity of the wing after rotation, as shown Figure 3a. 
The purpose of this study is to develop a passive wing rotation mechanism that mimics the flight characteristics of dragonflies and can change the mean angle of attack by rotating the wing root. The mean angle of attack changes by wing root rotation with respect to the horizontal direction of the wing when the wing has the same angle of attack at each up-down stroke. Figure 4 shows the variation of the wing angle of attack range with this passive wing rotation mechanism. We developed the mechanism for changing the mean angle of attack based on a slide-crank link mechanism, where the crank is the wing root and rotates on the y″-axis.
To obtain a lift-based system with the same angle of attack at each up-down stroke, the wing root direction should be perpendicular to the stroke direction. However, the lift-based system of the wing root rotation mechanism has a singularity position problem when designed using a general slide-crank link mechanism. In order to solve this problem, we designed a slide-crank link mechanism with a three-bar link, as shown Figure 5 . The wing root of the crank link with the threebar link is located below the general slide-crank link mechanism's wing root. Therefore, the crank link is located above the singularity position when the wing root direction is perpendicular to the stroke direction. As a result, the wing root can rotate without singularity. Figure 6 shows a schematic of the proposed slide-crank mechanism with the three-bar link to define the relationship among variables, and the kinematics of this mechanism was analyzed by The frame of the wing is made of carbon rods to reduce the weight, and the wing membrane is made of 25 μm thick polypropylene film. For the passive rotation of the wing, a polyolefin tube attached at the leading edge and root of the wings reduce the friction at wing rotation. In addition, two 0.6 mm carbon rods attached to the wing membrane maintain the rigidity of the wing after rotation, as shown Figure 3a. 
Kinematics of Wing Root Rotation Mechanism
Concept of Wing Root Rotation Mechanism
To obtain a lift-based system with the same angle of attack at each up-down stroke, the wing root direction should be perpendicular to the stroke direction. However, the lift-based system of the wing root rotation mechanism has a singularity position problem when designed using a general slide-crank link mechanism. In order to solve this problem, we designed a slide-crank link mechanism with a three-bar link, as shown Figure 5 . The wing root of the crank link with the threebar link is located below the general slide-crank link mechanism's wing root. Therefore, the crank link is located above the singularity position when the wing root direction is perpendicular to the stroke direction. As a result, the wing root can rotate without singularity. Figure 6 shows a schematic of the proposed slide-crank mechanism with the three-bar link to define the relationship among variables, and the kinematics of this mechanism was analyzed by Figure 6 shows a schematic of the proposed slide-crank mechanism with the three-bar link to define the relationship among variables, and the kinematics of this mechanism was analyzed by vector analysis. The wing root angle is defined by and , as in Equation (3).
Kinematics of Wing Root Rotation Mechanism
where is a constant value, and is a dependent variable described by , which is an independent variable.
As a result, can be obtained as Equation (5) by substituting (4) into (3).
After the kinematic analysis, each variable was defined for the design of the wing root control mechanism in Table 2 . , minimum value of , and ( 180°) are the values to avoid physical collision. These design parameters were obtained by trial and error in 3D modeling. was obtained by applying the proposed values to (6).
Lastly, , which makes equal to zero when is the minimum, is defined by (7). Figure 7 shows the results of the kinematics calculated by the defined design parameters. Figure  7a shows the simulation output motion ( ) with respect to input motion ( ) and describes that the output motion is normally driven by input motion. The blue line is the link, the red line is the link, the blue dot is the input motion of linear motion, and the red dot is output motion of the wing root.
To implement the lift-based system and drag-based system of the dragonfly, each mean angle of attack should be 0° and 30°. Therefore, it is necessary to define the input variable for each system. The wing root angle for the lift-based system was defined as 0 at the above link optimization, but for the drag-based system, which is −30°, was not defined. Figure 7b shows relationship between and , and the desired value of when is −30°. As a result, we confirmed that the MAV implements a drag-based system when is 16.25 mm. Table 2 lists the design parameters of the wing root rotation mechanism. The wing root angle θ r is defined by θ 0 and θ 1 , as in Equation (3).
where θ 1 is a constant value, and θ 0 is a dependent variable described by d 2 , which is an independent variable.
As a result, θ r can be obtained as Equation (5) by substituting (4) into (3).
After the kinematic analysis, each variable was defined for the design of the wing root control mechanism in Table 2 . s 1 , minimum value of d 2 , and θ 2 − (θ 0 + 180 • ) are the values to avoid physical collision. These design parameters were obtained by trial and error in 3D modeling. s 4 was obtained by applying the proposed values to (6) .
Lastly, θ 1 , which makes θ r equal to zero when d 2 is the minimum, is defined by (7) . Figure 7 shows the results of the kinematics calculated by the defined design parameters. Figure 7a shows the simulation output motion (θ r ) with respect to input motion (d 2 ) and describes that the output motion is normally driven by input motion. The blue line is the s 4 link, the red line is the s 4 link, the blue dot is the input motion of linear motion, and the red dot is output motion of the wing root.
To implement the lift-based system and drag-based system of the dragonfly, each mean angle of attack should be 0 • and 30 • . Therefore, it is necessary to define the input variable for each system. The wing root angle for the lift-based system was defined as 0 at the above link optimization, but d 2 for the drag-based system, which is −30 • , was not defined. Figure 7b shows relationship between d 2 and θ r , and the desired value of d 2 when θ r is −30 • . As a result, we confirmed that the MAV implements a drag-based system when d 2 is 16.25 mm. Table 2 lists the design parameters of the wing root rotation mechanism. 
Design of Flapping Mechanism
Analysis of Kinematics
In this work, we used the spatial four-bar-based flapping mechanism to convert from rotational motion to a couple of flapping motions using a rotary actuator. The spatial four-bar-based flapping mechanism consists of two spherical joints, a crank link, and a flapping link. In this mechanism, the factor considered for the design is the limited range of spherical joints. Figure 8 shows the angle limit of the spherical joint; when the y-axis is the joint axis, it has an angle limit of −30° to 30° in the x-axis direction and z-axis direction. The schematic of the flapping mechanism is shown in Figure 9 , where , are the three-axis spherical joints, , are one-axis joints; is the crank angle; is the flapping angle; and , ,
, are the angles of the spherical joint. The kinematics of the flapping mechanism was analyzed by vector analysis; the input variable is , which is the crank angle. The flapping angle ( ) is defined by the crank angle and expressed as (8).
In the equation, = , , = , cos( ) , and = , sin ( ) . Then, using the defined , the spherical joint angles , , and , are described by (9) and (10), respectively. 
Design of Flapping Mechanism
Analysis of Kinematics
In this work, we used the spatial four-bar-based flapping mechanism to convert from rotational motion to a couple of flapping motions using a rotary actuator. The spatial four-bar-based flapping mechanism consists of two spherical joints, a crank link, and a flapping link. In this mechanism, the factor considered for the design is the limited range of spherical joints. Figure 8 shows the angle limit of the spherical joint; when the y-axis is the joint axis, it has an angle limit of −30 • to 30 • in the x-axis direction and z-axis direction. 
Design of Flapping Mechanism
Analysis of Kinematics
In the equation, = , , = , cos( ) , and = , sin ( ) . Then, using the defined , the spherical joint angles , , and , are described by (9) and (10), respectively. The schematic of the flapping mechanism is shown in Figure 9 , where O 1 , O 2 are the three-axis spherical joints, O 0 , O 3 are one-axis joints; θ 1 is the crank angle; θ 3 is the flapping angle; and θ 2,x , θ 2,z are the angles of the spherical joint. The kinematics of the flapping mechanism was analyzed by vector analysis; the input variable is θ 1 , which is the crank angle. The flapping angle (θ 3 ) is defined by the crank angle and expressed as (8) .
In the equation, k x = l 4,x , k y = l 4,y − l 1 cos (θ 1 ), and k z = l 4,z − l 1 sin (θ 1 ). Then, using the defined θ 3 , the spherical joint angles θ 2,x , and θ 2,z are described by (9) and (10), respectively. 
, = cos ( sin ( , ) ) (10) Figure 9 . Schematic kinematics of spatial four-bar link-based flapping mechanism.
Define Link Length of Flapping Mechanism
We defined the link length of the flapping mechanism so that the stroke amplitude is within a given range, and , , , are within the angle limits of the spherical joint. The mechanism was determined to have a stroke amplitude of −40° to 40°, an angle of the x-axis of the spherical joint within 60-120°, and an angle of the z-axis of the spherical joint within 60-90°. In the processing, the limit of the z-axis angle of the spherical joint was set as 90° rather than 120° to avoid physical collision at 90°. The link length was defined in three steps: (1) the determination of , with respect to the xaxis limit of the spherical joint; (2) the calculation of , , with respect to the stroke amplitude; and (3) the determination of , with respect to the z-axis limit of the spherical joint.
To determine the link length with respect to the , range, , , which is projected on the y-z plane of , as shown in Figure 10a , is defined as (11) .
The maximum and minimum values of for calculating , are the same because the central axis of the crank link and flapping link are located on the same plane, as shown in Figure 10b . This means that if the link value is determined for one of the maximum and minimum values, then the other value is also defined. Therefore, , was obtained by applying 
We defined the link length of the flapping mechanism so that the stroke amplitude is within a given range, and θ 2,z , θ 2,x are within the angle limits of the spherical joint. The mechanism was determined to have a stroke amplitude of −40 • to 40 • , an angle of the x-axis of the spherical joint within 60-120 • , and an angle of the z-axis of the spherical joint within 60-90 • . In the processing, the limit of the z-axis angle of the spherical joint was set as 90 • rather than 120 • to avoid physical collision at 90 • . The link length was defined in three steps: (1) the determination of l 2,p with respect to the x-axis limit of the spherical joint; (2) the calculation of l 3 , l 4,z with respect to the stroke amplitude; and (3) the determination of l 4,x with respect to the z-axis limit of the spherical joint.
To determine the link length with respect to the θ 2,x range, l 2,p , which is projected on the y-z plane of l 2 , as shown in Figure 10a , is defined as (11) .
The maximum and minimum values of θ 2 for calculating l 2,p are the same because the central axis of the crank link and flapping link are located on the same plane, as shown in Figure 10b . This means that if the link value is determined for one of the maximum and minimum values, then the other value is also defined. Therefore, l 2,p was obtained by applying θ 2,min to (11), after θ 2,min was defined as 77 • . 
The maximum and minimum values of for calculating , are the same because the central axis of the crank link and flapping link are located on the same plane, as shown in Figure 10b . This means that if the link value is determined for one of the maximum and minimum values, then the other value is also defined. Therefore, , was obtained by applying Second, in order to calculate l 3 and l 4,z , and having the stroke amplitude defined in Table 1 , the relation between l 3 and l 4,z is expressed as (12) and (13) when θ 3 is the maximum and minimum, respectively.
In addition, to determine l 3 and l 4,z for the desired stroke amplitude, the object function was defined as (14) , which is the absolute value of the difference between (12) and (13) .
Afterwards, l 3 and l 4,z were determined by the defined object function and line search method. l 2,p is different from the previously defined value, but the defined l 2,p was used because the difference in values is within the tolerance range. Finally, we defined the link length for the angle limit of θ 2,z , as shown in Figure 10b ; θ 2,z has the maximum value when θ 3 is the maximum. The maximum value of θ 2,z was defined as 80 • , and l 4,x was obtained by applying the variables to (15) .
The values of θ 3 , θ 2,x , θ 2,z , and the link lengths obtained from the kinematic equations are summarized in Table 3 . Figure 11 shows each angular value according to the crank angle change. In the graph, we confirmed that θ 2,x and θ 2,z are within the angle limit of the spherical joint, and θ 3 is within the desired stroke amplitude. Second, in order to calculate and , , and having the stroke amplitude defined in Table 1,  the relation between and , is expressed as (12) and (13) when is the maximum and minimum, respectively.
In addition, to determine and , for the desired stroke amplitude, the object function was defined as (14) , which is the absolute value of the difference between (12) and (13) .
Afterwards, and , were determined by the defined object function and line search method. , is different from the previously defined value, but the defined , was used because the difference in values is within the tolerance range. Finally, we defined the link length for the angle limit of , , as shown in Figure 10b ; , has the maximum value when is the maximum. The maximum value of , was defined as 80°, and , was obtained by applying the variables to (15) .
The values of , , , , , and the link lengths obtained from the kinematic equations are summarized in Table 3 . Figure 11 shows each angular value according to the crank angle change. In the graph, we confirmed that , and , are within the angle limit of the spherical joint, and is within the desired stroke amplitude. Figure 11 . Values of , , , , and with respect to the crank angle.
Design and Fabrication of Prototype
In order to combine the wing mechanism using a rotary actuator and the wing root rotation mechanism using a linear actuator, both mechanisms must be designed to move independently. Figure 12a shows the side view of the prototype design for the rotation mechanism, and Figure 12b shows the front view of the prototype design for the flapping mechanism. Figure 12a 
In order to combine the wing mechanism using a rotary actuator and the wing root rotation mechanism using a linear actuator, both mechanisms must be designed to move independently. Figure 12a shows the side view of the prototype design for the rotation mechanism, and Figure 12b shows the front view of the prototype design for the flapping mechanism. Figure 12a shows the main flapping link, slide flapping link, and wing root rotation link for independently driving two actuators. The wing root rotation link rotates with two flapping links as pivot axes and always moves in the same plane as the flapping link. The slide flapping link rotates with the spindle of the ball screw as the pivot axis and performs linear motion as the nut of the ball screw. Because the slide flapping link can simultaneously implement rotary motion and linear motion as the nut of the ball screw, the designed prototype has both independent flapping motion and wing root rotation motion.
flapping link can simultaneously implement rotary motion and linear motion as the nut of the ball screw, the designed prototype has both independent flapping motion and wing root rotation motion.
(a) (b) Figure 12. (a) Side view of the prototype design for the rotation mechanism; (b) front view of prototype design for the flapping mechanism. Figure 13a ,b shows the designed prototype and fabricated prototype, respectively. The prototype was designed using 3D CAD (Solidworks 2013, Dassault Systemes, France) software and design parameters determined for link optimization. The parts of the prototype, except a spherical joint link, were manufactured by an SLA (stereo lithography apparatus)-type 3D printer (ProJet 5000, resolution: 100 μm, 3D Systems, Rock Hill, SC, USA) using PC (polycarbonate). The joints were fixed with a 2 mm rivet for low friction and to affix without additional processing. The actuator for flapping is an EC6 (φ6, brushless, 2-watt, Hall sensors, maxon motor, Suisse, www.maxon-motor.com), the controller is a DEC 24/2, and a 37.5:1 gearbox ratio was used for the flapping mechanism. The LCP06-A03V-0026(D&J WITH Co., Geumcheon-Gu, Seoul, Korea) was used as the actuator of the wing root rotation mechanism, and 2 mm bolt was used for the spindle. 
Experiment and Analysis
Experimental Setup
This study proposes a mechanism for using the drag-based system in a hovering and lift-based system in forward flight by varying the mean angle of attack. We measured two factors to verify whether the drag-based and lift-based systems were implemented according to wing root rotation changes in the proposed mechanism. First, we took the front and side views of the MAV using a highspeed camera and measured the kinematics using the photographs. To obtain 30 images per cycle of flapping, the MAV was taken at a rate of 450 FPS (frames per second) at flapping frequency of 15 Hz. The angle of attack at flapping was obtained by measuring the length of the wing membrane at 70% from of wing root of the image. Figure 13a,b shows the designed prototype and fabricated prototype, respectively. The prototype was designed using 3D CAD (Solidworks 2013, Dassault Systemes, France) software and design parameters determined for link optimization. The parts of the prototype, except a spherical joint link, were manufactured by an SLA (stereo lithography apparatus)-type 3D printer (ProJet 5000, resolution: 100 µm, 3D Systems, Rock Hill, SC, USA) using PC (polycarbonate). The joints were fixed with a 2 mm rivet for low friction and to affix without additional processing. The actuator for flapping is an EC6 (ϕ6, brushless, 2-watt, Hall sensors, maxon motor, Suisse, www.maxon-motor.com), the controller is a DEC 24/2, and a 37.5:1 gearbox ratio was used for the flapping mechanism. The LCP06-A03V-0026(D&J WITH Co., Geumcheon-Gu, Seoul, Korea) was used as the actuator of the wing root rotation mechanism, and 2 mm bolt was used for the spindle. flapping link can simultaneously implement rotary motion and linear motion as the nut of the ball screw, the designed prototype has both independent flapping motion and wing root rotation motion.
(a) (b) Figure 12 . (a) Side view of the prototype design for the rotation mechanism; (b) front view of prototype design for the flapping mechanism. Figure 13a ,b shows the designed prototype and fabricated prototype, respectively. The prototype was designed using 3D CAD (Solidworks 2013, Dassault Systemes, France) software and design parameters determined for link optimization. The parts of the prototype, except a spherical joint link, were manufactured by an SLA (stereo lithography apparatus)-type 3D printer (ProJet 5000, resolution: 100 μm, 3D Systems, Rock Hill, SC, USA) using PC (polycarbonate). The joints were fixed with a 2 mm rivet for low friction and to affix without additional processing. The actuator for flapping is an EC6 (φ6, brushless, 2-watt, Hall sensors, maxon motor, Suisse, www.maxon-motor.com), the controller is a DEC 24/2, and a 37.5:1 gearbox ratio was used for the flapping mechanism. The LCP06-A03V-0026(D&J WITH Co., Geumcheon-Gu, Seoul, Korea) was used as the actuator of the wing root rotation mechanism, and 2 mm bolt was used for the spindle. 
Experiment and Analysis
Experimental Setup
This study proposes a mechanism for using the drag-based system in a hovering and lift-based system in forward flight by varying the mean angle of attack. We measured two factors to verify whether the drag-based and lift-based systems were implemented according to wing root rotation changes in the proposed mechanism. First, we took the front and side views of the MAV using a highspeed camera and measured the kinematics using the photographs. To obtain 30 images per cycle of flapping, the MAV was taken at a rate of 450 FPS (frames per second) at flapping frequency of 15 Hz. The angle of attack at flapping was obtained by measuring the length of the wing membrane at 70% from of wing root of the image. 
Experiment and Analysis
Experimental Setup
This study proposes a mechanism for using the drag-based system in a hovering and lift-based system in forward flight by varying the mean angle of attack. We measured two factors to verify whether the drag-based and lift-based systems were implemented according to wing root rotation changes in the proposed mechanism. First, we took the front and side views of the MAV using a high-speed camera and measured the kinematics using the photographs. To obtain 30 images per cycle of flapping, the MAV was taken at a rate of 450 FPS (frames per second) at flapping frequency of 15 Hz. The angle of attack at flapping was obtained by measuring the length of the wing membrane at 70% from of wing root of the image. Second, the aerodynamic force was measured by a force sensor. Figure 14 shows the force sensor, test stand, and signal line. High sampling rates and high resolution were required for force measurements during flapping. Therefore, the Nano 17 F/T sensor (resolution: 1/80 N, ATI Industrial Automation, Apex, NC, USA) was used for force measurement. The x-axis of the force sensor was installed at the front of the MAV and the z-axis was installed along the vertical direction of the MAV to measure data from each lift and drag. The tests proceeded at a flapping frequency of 10-15 Hz, and to obtain 500 data points per flapping cycle, the data was measured at 5000 RPS (rate per second) at 10 Hz and 7500 RPS (rate per second) at 15 Hz. Figure 15 shows the entire flowchart of the force and image data.
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Second, the aerodynamic force was measured by a force sensor. Figure 14 shows the force sensor, test stand, and signal line. High sampling rates and high resolution were required for force measurements during flapping. Therefore, the Nano 17 F/T sensor (resolution: 1/80 N, ATI Industrial Automation, Apex, NC, USA) was used for force measurement. The x-axis of the force sensor was installed at the front of the MAV and the z-axis was installed along the vertical direction of the MAV to measure data from each lift and drag. The tests proceeded at a flapping frequency of 10-15 Hz, and to obtain 500 data points per flapping cycle, the data was measured at 5000 RPS (rate per second) at 10 Hz and 7500 RPS (rate per second) at 15 Hz. Figure 15 shows the entire flowchart of the force and image data. According to Caetano et.al. [36] , it has been determined that the frequency of the aerodynamic force is 2 times higher than flapping frequency, and the inertial force frequency is 3 times higher than the flapping frequency. Therefore, in this study, the measured data were filtered by a lowpass filter with a cutoff frequency 2 times larger than the flapping frequency to estimate the aerodynamic force. According to Caetano et al. [36] , it has been determined that the frequency of the aerodynamic force is 2 times higher than flapping frequency, and the inertial force frequency is 3 times higher than the flapping frequency. Therefore, in this study, the measured data were filtered by a lowpass filter with a cutoff frequency 2 times larger than the flapping frequency to estimate the aerodynamic force.
Second, the aerodynamic force was measured by a force sensor. Figure 14 shows the force sensor, test stand, and signal line. High sampling rates and high resolution were required for force measurements during flapping. Therefore, the Nano 17 F/T sensor (resolution: 1/80 N, ATI Industrial Automation, Apex, NC, USA) was used for force measurement. The x-axis of the force sensor was installed at the front of the MAV and the z-axis was installed along the vertical direction of the MAV to measure data from each lift and drag. The tests proceeded at a flapping frequency of 10-15 Hz, and to obtain 500 data points per flapping cycle, the data was measured at 5000 RPS (rate per second) at 10 Hz and 7500 RPS (rate per second) at 15 Hz. Figure 15 shows the entire flowchart of the force and image data. According to Caetano et.al. [36] , it has been determined that the frequency of the aerodynamic force is 2 times higher than flapping frequency, and the inertial force frequency is 3 times higher than the flapping frequency. Therefore, in this study, the measured data were filtered by a lowpass filter with a cutoff frequency 2 times larger than the flapping frequency to estimate the aerodynamic force. Figure 16a shows the MAV at the minimum and maximum amplitudes taken with a high-speed camera. Figure 16b shows the measured amplitude during one cycle of the flapping link and wing by analyzing the image taken. In order to extract the kinematics from the image, the pivot, spherical joint tip, and wing tip were marked. Then, each mark was connected by a line, as shown in the left image in Figure 16a Figure 16a shows the MAV at the minimum and maximum amplitudes taken with a high-speed camera. Figure 16b shows the measured amplitude during one cycle of the flapping link and wing by analyzing the image taken. In order to extract the kinematics from the image, the pivot, spherical joint tip, and wing tip were marked. Then, each mark was connected by a line, as shown in the left image in Figure 16a Figure 18 shows the angle of attack of each wing at wing root angles of 0° and 30°. The red straight line is the wing root angle of 0°, the blue straight line is the wing root angle of 30°, and the dotted line is the mean of each angle of attack. Since the angle of attack is defined based on the wing root, it has a negative value in the upstroke and a positive value in the downstroke. The angle of attack at a wing root angle of 0° was symmetric with respect to the angle of attack of 0°, and the mean angle of attack was measured close to 0°. On the other hand, the angle of attack at the wing root angle of 30° had a large angle of attack in the downstroke and a small angle of attack in the upstroke, with mean angle of attack of 30°. These results indicate that the wing root angle and mean angle of attack have a linear relationship and that the angle of attack at the flapping of the MAV is similar to that of a real dragonfly. Figure 16a shows the MAV at the minimum and maximum amplitudes taken with a high-speed camera. Figure 16b shows the measured amplitude during one cycle of the flapping link and wing by analyzing the image taken. In order to extract the kinematics from the image, the pivot, spherical joint tip, and wing tip were marked. Then, each mark was connected by a line, as shown in the left image in Figure 16a Figure 18 shows the angle of attack of each wing at wing root angles of 0° and 30°. The red straight line is the wing root angle of 0°, the blue straight line is the wing root angle of 30°, and the dotted line is the mean of each angle of attack. Since the angle of attack is defined based on the wing root, it has a negative value in the upstroke and a positive value in the downstroke. The angle of attack at a wing root angle of 0° was symmetric with respect to the angle of attack of 0°, and the mean angle of attack was measured close to 0°. On the other hand, the angle of attack at the wing root angle of 30° had a large angle of attack in the downstroke and a small angle of attack in the upstroke, with mean angle of attack of 30°. These results indicate that the wing root angle and mean angle of attack have a linear relationship and that the angle of attack at the flapping of the MAV is similar to that of a real dragonfly. 
Analysis of Kinematics
Stroke Amplitude
Analysis of Aerodynamics
The lift and drag forces acting on the object are given by (16) and (17), respectively, in the quasisteady model.
where and are the lift force and drag force, respectively, ρ is the density of air, S is the area of the object, U is the velocity of the object, and and are the lift and drag coefficients, respectively. Lift force and drag force were defined with respect to wing, and the wing generates a drag force in the opposite direction of the moving direction and a lift force in the vertical direction of the moving direction. In the equation, the lift and drag are proportional to the velocity squared of the object because all parameters except the velocity are constant. and , which were measured in the experiment, have the relationship indicated in (18) and (19) with and as shown Figure 1b . Therefore, and should increase with the flapping frequency squared of the object. Figure 19a shows the relationship between each , and flapping frequency of the MAV for wing root angles of 0° and 30° during flapping. The red dotted line ( ) denotes the estimated value of and of the wing over the flapping frequency square through the characteristics of (16) and (17) . The blue straight line is the measured lift force, and the black straight line is . Figure 19b shows the difference between the estimated and measured values. The difference between the measured force and estimated value is not over 0.006 N regardless of the flapping frequency, as shown in the figure. Therefore, and in the proposed MAV wing are proportional to the flapping frequency squared, and it is possible to estimate the force generated by increasing the flapping frequency.
In the left graph in Figure 19a , at a 0° wing root angle increases in the positive direction with flapping frequency, while increases in the negative direction or appears near 0. On the other hand, at a wing root angle of 30°, shown in the right graph, is lower than that of the wing root angle of 0° but has a similar tendency, and increases with increasing flapping frequency. A comparison of the two results shows that the magnitude of and that occurs in the wing changes when the wing root angle changes. 
The lift and drag forces acting on the object are given by (16) and (17), respectively, in the quasi-steady model.
where F L and F D are the lift force and drag force, respectively, ρ is the density of air, S is the area of the object, U is the velocity of the object, and C L and C D are the lift and drag coefficients, respectively. Lift force and drag force were defined with respect to wing, and the wing generates a drag force in the opposite direction of the moving direction and a lift force in the vertical direction of the moving direction. In the equation, the lift and drag are proportional to the velocity squared of the object because all parameters except the velocity are constant. F x and F z , which were measured in the experiment, have the relationship indicated in (18) and (19) with F L and F D as shown Figure 1b . Therefore, F x and F z should increase with the flapping frequency squared of the object. Figure 19a shows the relationship between each F x , F z and flapping frequency of the MAV for wing root angles of 0 • and 30 • during flapping. The red dotted line (F t ) denotes the estimated value of F x and F z of the wing over the flapping frequency square through the characteristics of (16) and (17) . The blue straight line is the measured lift force, and the black straight line is F z . Figure 19b shows the difference between the estimated and measured values. The difference between the measured force and estimated value is not over 0.006 N regardless of the flapping frequency, as shown in the figure. Therefore, F x and F z in the proposed MAV wing are proportional to the flapping frequency squared, and it is possible to estimate the force generated by increasing the flapping frequency.
In the left graph in Figure 19a , F x at a 0 • wing root angle increases in the positive direction with flapping frequency, while F z increases in the negative direction or appears near 0. On the other hand, F x at a wing root angle of 30 • , shown in the right graph, is lower than that of the wing root angle of 0 • but has a similar tendency, and F z increases with increasing flapping frequency. A comparison of the two results shows that the magnitude of F x and F z that occurs in the wing changes when the wing root angle changes. The top graph in Figure 20 shows at a 0° wing root angle when the MAV flaps at a frequency of 15 Hz, while the bottom graph shows at a 30° wing root angle. The top and bottom image in Figure 20 show the angle of attack when the wing is horizontal to the ground. The top two images indicate the angle of attack at a 0° wing root angle, while the bottom two images indicate the angle of attack at a 30° wing root angle. The force generated is an aerodynamic force, which is of the MAV wing. The aerodynamic force at a 0° wing root angle does not show a significant difference when up-down strokes are compared. In contrast, the peak value after vibration due to the inertial force in the downstroke at a 30° the wing root angle means that the wing receives a large average . The decreasing tendency after the vibration due to the inertial force in the upstroke means that the wing receives a small average
. The experimental results demonstrate that flapping at a wing root angle of 30° produces a reasonable average in the up-down stroke. 
Comparison between Horizontal Force Amplitude
The drag-based system used in hovering by a real dragonfly flaps in the inclined stroke angle direction of 60°, as shown in Figure 21 . On the other hand, the direction of measured in the study was generated toward the vertical direction of the stroke angle, and the direction of the drag force The top graph in Figure 20 shows F z at a 0 • wing root angle when the MAV flaps at a frequency of 15 Hz, while the bottom graph shows F z at a 30 • wing root angle. The top and bottom image in Figure 20 show the angle of attack when the wing is horizontal to the ground. The top two images indicate the angle of attack at a 0 • wing root angle, while the bottom two images indicate the angle of attack at a 30 • wing root angle. The force generated is an aerodynamic force, which is F z of the MAV wing. The aerodynamic force at a 0 • wing root angle does not show a significant difference when up-down strokes are compared. In contrast, the peak value after vibration due to the inertial force in the downstroke at a 30 • the wing root angle means that the wing receives a large average F z . The decreasing tendency after the vibration due to the inertial force in the upstroke means that the wing receives a small average F z . The experimental results demonstrate that flapping at a wing root angle of 30 • produces a reasonable average F z in the up-down stroke. The top graph in Figure 20 shows at a 0° wing root angle when the MAV flaps at a frequency of 15 Hz, while the bottom graph shows at a 30° wing root angle. The top and bottom image in Figure 20 show the angle of attack when the wing is horizontal to the ground. The top two images indicate the angle of attack at a 0° wing root angle, while the bottom two images indicate the angle of attack at a 30° wing root angle. The force generated is an aerodynamic force, which is of the MAV wing. The aerodynamic force at a 0° wing root angle does not show a significant difference when up-down strokes are compared. In contrast, the peak value after vibration due to the inertial force in the downstroke at a 30° the wing root angle means that the wing receives a large average . The decreasing tendency after the vibration due to the inertial force in the upstroke means that the wing receives a small average
The drag-based system used in hovering by a real dragonfly flaps in the inclined stroke angle direction of 60°, as shown in Figure 21 . On the other hand, the direction of measured in the study was generated toward the vertical direction of the stroke angle, and the direction of the drag force 
The drag-based system used in hovering by a real dragonfly flaps in the inclined stroke angle direction of 60 • , as shown in Figure 21 . On the other hand, the direction of F x measured in the study was generated toward the vertical direction of the stroke angle, and the direction of the drag force was generated toward the horizontal direction of the stroke angle. To measure the horizontal force generated by the wing root rotation mechanism at the same stroke angle as the drag-based system of a real dragonfly, the horizontal force was calculated by applying F x and F z measured at the wing root angle of 30 • to (21) .
where F V is the vertical force, F H is the horizontal force, and θ s is the stroke angle. Since the lift-based system used for hovering has a horizontal directional stroke angle, the horizontal force generated during flapping of the MAV was defined as the F z of the 0 • wing root angle. was generated toward the horizontal direction of the stroke angle. To measure the horizontal force generated by the wing root rotation mechanism at the same stroke angle as the drag-based system of a real dragonfly, the horizontal force was calculated by applying and measured at the wing root angle of 30° to (21).
where is the vertical force, is the horizontal force, and is the stroke angle. Since the liftbased system used for hovering has a horizontal directional stroke angle, the horizontal force generated during flapping of the MAV was defined as the of the 0° wing root angle. Figure 22 shows the horizontal forces of the two systems defined by the measured force. The black line is the horizontal force of the lift-based system implemented at a 0° the wing root angle, and the blue line is the horizontal force of the drag-based system implemented at a 30° wing root angle. The dotted line is the raw data and the straight line is the graph after applying the moving average filter, which averages a window of 30 data points. In drag-based systems, the MAV generated a large horizontal force in the upstroke because the lift force has more effect on horizontal force, and lift force was generated more at the upstroke. In contrast, the lift-based system has the same horizontal force amplitude in both the upstroke and downstroke. Comparison of the amplitudes of the two forces indicates that the horizontal force amplitude of the lift-based system is approximately 1.8 times larger than the horizontal force amplitude of the drag-based system. The difference between the two amplitudes is 0.15 N and 0.1 N in each downstroke and upstroke, respectively. Figure 23 shows the vertical and horizontal forces generated in the wing during flapping at a stroke angle of 60°. The vertical and horizontal forces were calculated by Equations (17) and (18), Figure 22 shows the horizontal forces of the two systems defined by the measured force. The black line is the horizontal force of the lift-based system implemented at a 0 • the wing root angle, and the blue line is the horizontal force of the drag-based system implemented at a 30 • wing root angle. The dotted line is the raw data and the straight line is the graph after applying the moving average filter, which averages a window of 30 data points. In drag-based systems, the MAV generated a large horizontal force in the upstroke because the lift force has more effect on horizontal force, and lift force was generated more at the upstroke. In contrast, the lift-based system has the same horizontal force amplitude in both the upstroke and downstroke. Comparison of the amplitudes of the two forces indicates that the horizontal force amplitude of the lift-based system is approximately 1.8 times larger than the horizontal force amplitude of the drag-based system. The difference between the two amplitudes is 0.15 N and 0.1 N in each downstroke and upstroke, respectively. was generated toward the horizontal direction of the stroke angle. To measure the horizontal force generated by the wing root rotation mechanism at the same stroke angle as the drag-based system of a real dragonfly, the horizontal force was calculated by applying and measured at the wing root angle of 30° to (21).
where is the vertical force, is the horizontal force, and is the stroke angle. Since the liftbased system used for hovering has a horizontal directional stroke angle, the horizontal force generated during flapping of the MAV was defined as the of the 0° wing root angle. Figure 21 . Force direction at an inclined stroke angle. Figure 22 shows the horizontal forces of the two systems defined by the measured force. The black line is the horizontal force of the lift-based system implemented at a 0° the wing root angle, and the blue line is the horizontal force of the drag-based system implemented at a 30° wing root angle. The dotted line is the raw data and the straight line is the graph after applying the moving average filter, which averages a window of 30 data points. In drag-based systems, the MAV generated a large horizontal force in the upstroke because the lift force has more effect on horizontal force, and lift force was generated more at the upstroke. In contrast, the lift-based system has the same horizontal force amplitude in both the upstroke and downstroke. Comparison of the amplitudes of the two forces indicates that the horizontal force amplitude of the lift-based system is approximately 1.8 times larger than the horizontal force amplitude of the drag-based system. The difference between the two amplitudes is 0.15 N and 0.1 N in each downstroke and upstroke, respectively. Figure 23 shows the vertical and horizontal forces generated in the wing during flapping at a stroke angle of 60°. The vertical and horizontal forces were calculated by Equations (17) and (18), Figure 23 shows the vertical and horizontal forces generated in the wing during flapping at a stroke angle of 60 • . The vertical and horizontal forces were calculated by Equations (17) and (18), respectively. The graph on the left shows the force generated at a wing root angle of 0 • and the graph on the right shows the force generated at a wing root angle of 30 • . At a wing root angle of 0 • , the horizontal force increased with increasing flapping frequency, and the vertical force is 0.005 N, which is lower than the horizontal force. This means that the MAV generates force in the appropriate direction for forward flight when it has a wing root angle of 0 • at flapping. Comparison with a 0 • wing root angle shows that the vertical force at a wing root angle of 30 • increases with increasing flapping frequency, and the horizontal force has a value close to 0 N. Therefore, when MAV flaps with a wing root angle of 30 • , the wing generates a force in the direction for hovering. Thus, the wing root angle is an important factor in determining the flight mode of the MAV, and the flight mode can be changed by changing the wing root angle. respectively. The graph on the left shows the force generated at a wing root angle of 0° and the graph on the right shows the force generated at a wing root angle of 30°. At a wing root angle of 0°, the horizontal force increased with increasing flapping frequency, and the vertical force is 0.005 N, which is lower than the horizontal force. This means that the MAV generates force in the appropriate direction for forward flight when it has a wing root angle of 0° at flapping. Comparison with a 0° wing root angle shows that the vertical force at a wing root angle of 30° increases with increasing flapping frequency, and the horizontal force has a value close to 0 N. Therefore, when MAV flaps with a wing root angle of 30°, the wing generates a force in the direction for hovering. Thus, the wing root angle is an important factor in determining the flight mode of the MAV, and the flight mode can be changed by changing the wing root angle. 
Conclusions
In this study, we propose a mechanism to change the mean angle of attack of MAVs by rotating the wing roots. The links used in the flapping mechanism and the wing root rotation mechanism were optimized, and the graphs show the motion of the optimized mechanism. To confirm whether the proposed mechanism has stable hovering ability and can change flight mode without a posture change, a prototype incorporating the flapping mechanism and wing root rotation mechanism was fabricated, and the force generated by the MAV was measured. The prototype was designed using a ball-screw mechanism to independently control the wing root rotation mechanism and flapping mechanism. The measured force showed that the MAV with the wing root rotation mechanism can fly more stably when hovering and can change the flight mode by changing only the wing root angle. In the future, the wing root rotation mechanism is expected to fly more stably than the MAV with a lift-based system, and it will be possible to develop an MAV that mimics the interaction between the forewing and hindwing of an actual dragonfly. 
